Introduction
Recently, infrared sensors have attracted considerable attention in various fields, especially in the medical field as devices for the detection of influenza. One of the typical applications of these sensors is a thermo-camera; in this device, small sensors are arranged to form a 2-dimentional structure that enables us to take pictures of infrared spectra.
In order to be used in a highly sensitive infrared camera, these sensors must be cooled with liquid nitrogen to improve their detectability. However, a limitation of the miniaturization of the cooling device in the camera has led to the use of a cooling-type bolometer, and this has become a significant problem. Therefore, the development of a non-cooling-type bolometer is required for the fabrication of portable infrared sensors. Further, because of their considerably high cost and low reliability, the existing thermo-sensors are not suitable for widespread ordinary family use. In order to connect infrared sensors with other electrical circuits, we need to ensure that these sensors have the following characteristics: 1) a high temperature coefficient of resistance (TCR), (1/R)(dR/dT), 2) low noise equivalent temperature difference (NETD), and 3) high conductivity.
For the fabrication of non-cooling-type bolometers, VO x is known as the most effective material [1] . The NETD of VO x is excellent with respect to its effect on the performance of the fabricated devices as compared to other materials. However, the fabrication process of a VO x thin film is not included in an ordinary Si semiconductor fabrication system and needs to use an alternative route. Moreover, the problem of a high fabrication cost still exists because of the low yield as a result of the technical difficulties related to the fabrication of the VO x thin films.
Recently, amorphous silicon (hereafter, a-Si) has been intensively studied as a material for the fabrication of infrared bolometers [2] , and its use for this purpose is second to that of VO x . The defect of high resistivity of a-Si is approximately in two digits as compared to VO x ; however, it has the advantage that it can be consistently produced by the existing silicon processing methods.
Many researches on SiGe systems have been performed in the 2000s [3] [4] [5] . In an Si x Ge 1-x O y system, the resistance increases with an increase in the doping of O due to the formation of Si-O. On the other hand, when the amount of O doping is small, TCR is increased by the formation of Ge-O. That is, in order to have practical applications of this system, an attempt to decrease the resistance is required because of the trade-off between the TCR increase and the resistance increase brought about by an increase in the O doping. As for the conductivity, the structural improvement was achieved by using a sandwich structure in order to lower the resistance of the Si x Ge 1-x O y system [6] .
A SiGe system can also be a candidate material for the fabrication of infrared bolometers. In this study, we investigated alternating multi-stacked SiGe films that were deposited by using an RF magnetron sputtering technique and obtained a high TCR value. The characteristics of these films were compared with those of single-phase Ge and Si films.
Experiments and results
Three types of thin films-SiGe, Ge, and Si films-were deposited on a SiO 2 substrate by using an RF magnetron sputtering technique. The schematic views of the films are shown in Fig.1 . The thickness of each film was approximately 1.0 m. The SiGe film had a stacking structure of Ge and Si thin layers. Figure 2 shows the cross-sectional SEM images of SiGe films: (a) as-sputtered Fig.1 The schematic views of three types of thin films-SiGe, Ge, and Si-deposited. and (b) annealed at the temperature of 500 °C. The stacking structures are observed in both the SEM images. The thickness of each Si and Ge layer was approximately 100 nm. The Si layer appeared to be thinner than the Ge layer. Further, five alternating stacks of the Ge and Si layers were observed.
The electrical properties of all three types of the as-deposited thin films were measured by using the four-terminal method. Here, the sample width was 10 mm and the distance between voltage terminals was 0.5 mm. The results of TCR, resistance, and resistivity for the three samples are given in Table I . Although the TCR of each sample was sufficient for practical applications, the resistance of each sample was considerably high. Figure 3 shows the X-ray diffraction (XRD) spectra of the SiGe film and the substrate. No peaks were observed in the case of the as-deposited SiGe film without the broad peak that originated from the SiO 2 substrate, and this was the same in the case of the as-deposited Si and Ge films (not shown). As a result, it is believed that these as-deposited SiGe, Ge, and Si thin films had an amorphous structure.
As the thin films are required to have a low resistivity for applications in many electric and optical devices, every thin film was annealed at 500 °C in an Ar atmosphere in order to improve conductivity. Figure 3 shows the XRD spectra of the annealed SiGe, Si, and Ge films. Although the Si films annealed at 500 °C remained amorphous, the SiGe and Ge films exhibited several peaks that could be attributed to the Ge polycrystalline structure. The electrical properties of the annealed SiGe and Ge films were also investigated, as shown in Table II . As for the SiGe film annealed at 500 °C, the TCR was -3.6%/K, and the resistivity was reduced from 10.0 k cm (as-deposited) to 64.5 cm (annealed at 500 °C). The conductivity was improved by 2 to 3 orders of magnitude by annealing. The Ge film also showed reduced resistivity, however, its TCR value decreased. It is believed that the Ge layer was crystallized by annealing at a temperature higher than 500 °C, as shown in Fig.4 and that this change was responsible for the high conductivity of the alternating multi-stacked SiGe thin film.
The high TCR value of the SiGe film could be attributed to the thin Ge layer structure sandwiched by the a-Si layers. Consequently, the annealed multi-stacked SiGe thin film satisfied both the high TCR and the high conductivity requirements.
Conclusions
An alternating multi-stacked SiGe film was deposited by using an RF magnetron sputtering technique; the electrical characteristics of this film were compared with those of Si and Ge films. From the cross-sectional SEM image, it was concluded that a multi-layered SiGe structure was undoubtedly deposited on the SiO 2 substrate. The as-deposited film exhibited a large TCR and a high resistivity; however, it had a large TCR (-3.63%/K) and a low resistivity (64.5 cm) when it was annealed at a temperature of 500 °C in an Ar atmosphere. The crystallization of the Ge layer was confirmed by XRD measurements. Such a crystallization of Ge was important for obtaining a low resistivity. Further, the thin Ge layer sandwiched between the amorphous Si layers seemed to govern the TCR property of the film. The relationship between the ratio of the thickness of the Si and Ge layers and the conductivity of the film is not yet established. Table I TCR, resistance and resistivity of SiGe, Ge, and Si thin films. Each sample shows high TCR and high resistance. Fig.4 The schematic view of crystal structure of SiGe thin film. Ge layer was crystallized (from amorphous (a-Ge) to polycrystalline (p-Ge) structure) by annealing. Table II TCR, resistance and resistivity of SiGe, and Ge thin films annealed at a temperature of 500 °C. Fig.3 The XRD spectra of SiGe, Si, Ge films and substrate: as-deposited and annealed at 500 °C or 700 °C. Ge was crystallized by annealing process.
